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(57) 
A radio-frequency tunable atomic magnetometer for detec 
tion of nuclear quadrupole resonance (N QR) from room tem 
perature solids, including detection of nitrogen-containing 
explosives placed external to a sensor unit. A potassium 
radio-frequency magnetometer With sensitivity of 0.24 
1T / Hz” 2 operating at 423 kHz is provided. The magnetometer 
detected a 14N NQR signal from room temperature ammo 
nium nitrate (N H4NO3) in the zero-applied ?eld limit. Results 
demonstrate ?rst time detection of NQR With an atomic mag 
netometer, providing that a cryogen-free atomic magnetom 
eter, With intrinsically frequency-independent sensitivity and 
easy tuning capabilities, can be an attractive neW tool for 
detecting magnetic resonance signals in the kHz to MHZ 
range. LoW intensity magnetic ?elds are measured using an 
alkali metal vapor, by increasing magnetic polarization of the 
vapor to increase its sensitivity, then probing the magnetic 
polarization of the vapor to receive an output, and determin 
ing characteristics of the loW intensity magnetic ?eld from the 
output. 
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SUBFEMTOTESLA RADIO-FREQUENCY 
ATOMIC MAGNETOMETER FOR NUCLEAR 
QUADRUPOLE RESONANCE DETECTION 

GOVERNMENT RIGHTS 

The present invention Was made With Government support 
and the Government has certain rights in the invention. 

RELATED APPLICATIONS 

This application claims bene?t of US. Provisional Appli 
cation Ser. No. 60/732,243, ?led Nov. 7, 2005, entitled 
“Atomic Magnetometer for RF Detection.” 

FIELD OF THE INVENTION 

The present invention relates to a highly sensitive magne 
tometer having the ability to detect very loW magnetic ?eld 
intensities, and to methods of measuring such loW intensity 
magnetic ?elds. More particularly, the invention relates to 
atomic magnetometers that rely on polariZing alkali metal 
vapor, and probing the state of magnetiZation of the polariZed 
metal atoms to measure characteristics of a magnetic ?eld 
originating from a variety of sources, including nitrogen con 
taining explosives placed external to a sensor unit. 

BACKGROUND OF THE INVENTION 

Over the past several decades ultra-sensitive magnetom 
eters have found a Wide range of applications, from con 
densed matter experiments (Tsuei, C. C. et al., Phys. Rev. Lett. 
85, 182-185 (2000)) and gravitational Wave detection (Harry, 
G. M. et al., Appl. Phys. Lett. 76, 1446-1448 (2000)), to 
detection of nuclear magnetic resonance (NMR) signals 
(Greenberg, Ya. S., Rev. Mod. Phys. 70, 175-222 (1998); 
McDermott, R. et al., Science 295, 2247-2249 (2002)), stud 
ies of paleomagnetism (Kirschvink, J. L. et al., Science 275, 
1629-1633 (1997)), non-destructive testing (TralshaWala, N. 
et al., Appl. Phys. Lett. 71, 1573-1575 (1997)), and ordinance 
detection (Clem, T. R., Nav. Eng. J. 110, 139-149 (1998)). For 
the last 30 years superconducting quantum interference 
devices (SQUIDs) operating at 4K have been unchallenged as 
ultra-high-sensitivity magnetic ?eld detectors (SQUID Sen 
s0rs: Fundamentals, Fabrication and Applications, Ed. 
Weinstock, H., KluWer Academic (1996)) With a sensitivity 
reaching doWn to 1 IT/HZl/Z (Where ff designates femtotesla, 
or 10'15 tesla). 

Detection of radio-frequency (RF) ?elds in the kilohertZ to 
gigahertZ frequency range ?nds numerous applications, from 
radio communication to detection of NMR and NQR signals 
to fundamental physics measurements, such as axion 
searches (Bradley, R. et al., Rev. Mod. Phys. 75, 777 (2003)). 
These applications involve the detection of extremely small 
?elds and thus require the highest attainable sensitivity. While 
RF ?elds are usually detected With inductive pick-up coils, 
several other methods, such as SQUID magnetometers 
(Black, R. C. et al.,Appl. Phys, Lett. 66, 1267 (1995); Seton, 
H. C. et al., IEEE Trans. Appl. Supercond. 7, 3213 (1997)) and 
Rydberg atoms (OgaWa, I. et al., Pl0ys. Rev. D 53, R1740 
(1996)) have been used for this purpose. Alkali-metal atomic 
magnetometers, Which measure the response of optically 
pumped, polariZed atoms to a magnetic ?eld, have achieved 
very high magnetic ?eld sensitivity at frequencies beloW 100 
HZ (Kominjs, K. et al., Nature 422, 596 (2003)), and provide 
an important alternative to SQUID instruments. 
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2 
Atomic magnetometers are based on detection of Larmor 

spin precession of optically pumped atoms. Alkali metal mag 
netometers have approached sensitivity levels similar to 
SQUID instruments When using large measurement volumes 
(Aleksandrov, E. B. et al., Optics and Spectr. 78, 292-298 
(1995); Budker, D. et al., Phys. Rev. A 62, 043403 (2000)), 
but have much loWer sensitivity in more compact designs 
suitable for magnetic imaging applications (Affolderbach, C. 
et al., Appl Phys B 75, 605-612 (2002)). 

Spin exchange in alkali metal vapors has been discussed. 
Happer W. et al. Phys. Rev. Lett. 31, 273 (1973) and Happer 
W. et al. Phys. Rev. A 16 1877 (1977) report experimental and 
theoretical aspects of observing magnetic resonance in high 
density alkali metal vapors in the presence of a buffer gas. 
US. Pat. No. 4,005,355 to Happer et al. discloses a high 
density alkali vapor optically pumped to produce a narroW 
magnetic resonance line With a frequency proportional to a 
magnetic ?eld. 

Bison et al. (a) (Appl. Phys. B. 76, 325 (2003) and Bison et 
al. (b) (Opt. Expr. 11, 908 (2003)) disclose an optically 
pumped cesium atom magnetometer for use in dynamic car 
diac magnetic imaging. Observed magnetic noise levels in 
Bison et al. (b) appear to be on the order of 1000 IT/HZl/2. 

Upschulte et al. (US. Pat. No. 6,472,869) discloses a diode 
laser-pumped alkali magnetometer. In Upschulte et al., 
response radiation includes photons that indicate one unit of 
angular momentum indicative of the torque due to the mag 
netic ?eld, and a photodiode and scope that act as a means for 
measuring the response radiation. Upschulte et al. disclose a 
projected sensitivity of less than 6 pT/HZl/2 (pTrpicotesla or 
10'12 tesla). 

In vieW of the disadvantages of relatively poor sensitivity, 
and draWbacks such as large bulk and use of cryogenic sys 
tems summariZed above, there remains a need for a magne 
tometer that can operate in the absence of expensive liquid 
helium deWars needed to maintain superconducting condi 
tions, and also to avoid the need for other lique?ed gas deWars 
used With higher temperature superconducting devices. In 
addition there remains a need for the development of advan 
tageous atomic magnetometers With high sensitivity. There 
further is a need for a compact magnetometer that is relatively 
inexpensive to assemble and operate. 

SUMMARY OF THE INVENTION 

The present invention provides a high sensitivity, cryo 
genic free, atomic magnetometer including a cell With alkali 
metal vapor and tWo laser beams (pump and probe). The 
pump laser creates spin polariZation in atoms. A constant 
magnetic ?eld is applied parallel to the pump laser. The Zee 
man resonance of the alkali-atoms is tuned to the frequency of 
the radio-frequency (RF) ?eld. The precession of the spins 
induced by the RF ?eld is detected With the probe laser 
orthogonal to the pump laser. 

In a ?rst aspect of the invention, an atomic magnetometer is 
provided that detects and represents a ?rst magnetic ?eld 
originating Within a sample volume, and includes a sensing 
cell sensitive to high intensity magnetic ?elds comprising an 
alkali metal vapor. The sensing cell is adjacent to a sample 
volume that includes a component generating a ?rst magnetic 
?eld, and is exposed to the ?rst magnetic ?eld and a back 
ground magnetic ?eld to tune and maintain magnetometer 
operation at high frequency. The magnetometer also includes 
a polarizing transmitter that increases a magnetic polarization 
of the alkali metal vapor, a magnetiZer that imposes the back 
ground and a second magnetic ?eld on a volume of space 
comprising the sensing cell, a probing interrogator that 
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probes the magnetic polarization of the alkali metal vapor and 
provides an output from the alkali metal vapor that includes 
characteristics related to the ?rst magnetic ?eld. Lastly, the 
magnetometer includes a measuring module that receives the 
output, determines the characteristics of the ?rst magnetic 
?eld, and provides a representation of the ?rst magnetic ?eld. 
High frequency of magnetometer operation is de?ned as at or 
above approximately 1 kHz. In other aspects, high frequency 
can be de?ned as at or above about 100 kHz. 

In certain embodiments, the second magnetic ?eld can 
comprise a pulsed detuning ?eld that offsets a magnetic reso 
nance frequency of the alkali metal vapor, including but not 
limited to offset to about 2 MHZ. The magnetizer can include 
excitation coils comprising a solenoidal RF coil in series With 
a planar coil in a vicinity of the ?rst magnetic ?eld. The series 
or “single sided” design provides that the planar coil cancels 
a RF ?eld generated by the solenoidal RF coil in the vicinity 
of the ?rst magnetic ?eld. 

In advantageous embodiments the polarizing transmitter is 
an optical pumping laser, and a half-Width at half-maximum 
of a Zeeman resonance of the alkali metal vapor as provided 
by the optical pumping laser is a function of a poWer of the 
laser. The poWer of the laser is selected from the functional 
curve to provide a minimal half-Width at half-maximum of 
the Zeeman resonance of the alkali metal vapor. 

In another aspect of the present invention, a method is 
provided for detecting and representing a loW intensity mag 
netic ?eld in the radio-frequency (RF) range using an atomic 
magnetometer With sensing cell having a high sensitivity to 
the loW intensity magnetic ?eld. The method comprises the 
steps of increasing magnetic polarization of alkali metal 
vapor included in the sensing cell to tune a Zeeman resonance 
of the alkali metal vapor to high frequency to increase the 
sensitivity of the alkali metal vapor to the loW intensity mag 
netic ?eld and reorienting the magnetic polarization of the 
alkali metal vapor using a magnetic ?eld. Then, the magnetic 
polarization of the reoriented alkali metal vapor is interro 
gated to provide an output having characteristics related to the 
loW intensity magnetic ?eld. Characteristics of the loW inten 
sity magnetic ?eld are determined from the output, and a 
representation of the characteristics of the loW intensity mag 
netic ?eld are provided. Again, in certain aspects, high fre 
quency is de?ned as at or above approximately 1 kHz, and in 
other aspects, at or above about 100 kHz. 

In advantageous embodiments, the magnetic polarization 
of the alkali metal vapor is reoriented by illumination in 
opposite directions of a similar plane. Magnetic polarization 
can be further reoriented using a pulsed detuning magnetic 
?eld that offsets the magnetic resonance frequency of the 
alkali metal vapor. Still further, the magnetic polarization of 
the alkali metal vapor can be reoriented using a laser, Where a 
half-Width at half-maximum of the Zeeman resonance of the 
alkali metal vapor, as provided by the laser, is a function of a 
poWer of the laser. The poWer of the laser is then selected from 
the functional curve to provide a minimal half-Width at half 
maximum. In any combination of the above, the magnetic 
polarization of the alkali metal vapor can still further be 
reoriented using excitation coils comprising a solenoidal RF 
coil in series With a planar coil in a vicinity of the loW intensity 
magnetic ?eld. In this instance, the planar coil cancels a RF 
?eld generated by the solenoidal RF coil in the vicinity of the 
loW intensity magnetic ?eld. 

In certain embodiments, the atomic magnetometer 
includes magnetic shielding enclosing a region of space that 
includes the magnetizer, the sample volume, and the sensing 
cell. The shielding and the magnetizer contribute to providing 
the background magnetic ?eld. The density of the alkali metal 
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4 
in the vapor can be about 1011 cm'3 or greater. The alkali 
metal can be chosen from among sodium, potassium, 
rubidium and cesium. Potassium is often preferable. The 
sensing cell is maintained at a temperature effective to pro 
vide an alkali metal vapor at a density greater than about 101 1 
cm'3 . 

In advantageous embodiments, the buffer gas includes a 
noble gas. The buffer gas may include one or more isotopes of 
helium, and is included at a pressure in the range from about 
1 atm to about 10 atm. Signi?cantly, the buffer gas may 
further include nitrogen gas, or it maybe constituted solely of 
nitrogen gas. Factors such as the temperature and consequent 
density of the vapor, and the presence and composition of the 
buffer gas contribute to providing that a sensitivity limit of the 
present magnetometer is about 0.20 femtotesla (Hz)'”2 to 
0.10 femtotesla (Hz)_1/2, or even as loW as 0.02 femtotesla 
(Hz)_l/2, and perhaps loWer. 

In example realizations of the invention, a means for 
increasing the magnetic polarization of the alkali metal vapor 
(or polarizing transmitter) includes a ?rst radiation generat 
ing means that generates a ?rst beam of radiation illuminating 
the alkali metal vapor. The ?rst beam is effective to increase 
the magnetic polarization of the alkali metal vapor. The ?rst 
radiation generating means can include a ?rst laser device, or 
can further include a ?rst optical polarizing means that polar 
izes the ?rst beam of radiation. The ?rst optical polarizing 
means may impose linear polarization on the ?rst beam of 
radiation, or, alternatively, it may impose circular polariza 
tion on the ?rst beam of radiation. A ?rst modulator could also 
be included to modulate the ?rst beam of radiation by a ?rst 
modulation function. 

In other example realizations, a probing means (or probing 
interrogator) includes one or more second radiation generat 
ing means that generates one or more second beams of radia 
tion traversing the alkali metal vapor; after the one or more 
second beams traverse the vapor they constitute the output of 
the magnetometer. The second radiation generating means 
can include a second laser device, or can further include a 
second optical polarizing means that polarizes the second 
beam of radiation. The second optical polarizing means may 
impose linear polarization on the second beam of radiation, 
or, alternatively, it may impose circular polarization on the 
second beam of radiation. Still additionally, a second modu 
lator can be included that modulates the second beam of 
radiation by a second modulation function. 

Other example realizations provide that a magnetizing 
means (or magnetizer) provides a probing magnetic ?eld in 
one, tWo, or all three of the orthogonal directions, x, y, and/or 
z. In addition, the magnetizer can provide a probing magnetic 
?eld modulated by a third modulation function. 
A measuring module, or measuring means, can include one 

or more output detecting means that provides one or more 
signals. The one or more signals contain characteristics 
related to the loW intensity magnetic ?eld. The measuring 
means also includes one or more signal processing means for 
receiving the one or more signals and providing the represen 
tation. The output detecting means can include radiation 
detecting means that detects a second beam of radiation out 
put from the alkali metal vapor. Alternatively, a third optical 
polarizing means is situated betWeen the sensing cell and the 
radiation detecting means. The third optical polarizing means 
may include a linear polarization analyzer, or it may include 
a circular polarization analyzer. 

In certain embodiments, the radiation detecting means 
includes one or more photodetectors, each photodetector pro 
viding a signal that contains characteristics related to the loW 
intensity magnetic ?eld. When a ?rst modulation function or 
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second modulation function is employed, the signal advanta 
geously includes a component modulated by the ?rst modu 
lation function or the second modulation function, or both. 

The signal processing means can receive at least a portion 
of a signal from the output detecting means. The signal pro 
cessing means operates to resolve characteristics related to 
the loW intensity magnetic ?eld from the signal and provides 
a representation thereof, such that the representation charac 
terizes the loW intensity magnetic ?eld detected by the sens 
ing cell. When the signal is modulated by a ?rst modulation 
function or a second modulation function, or both, the signal 
processing means detects a component in the signal that is 
modulated by the ?rst modulation function or the second 
modulation function, or both. 

The measuring means can include tWo or more output 
detecting means, Wherein a ?rst output detecting means 
detects radiation traversing a ?rst region of the alkali metal 
vapor and a second output detecting means detects radiation 
traversing a second, different, region of the alkali metal vapor. 
In these embodiments, the ?rst output detecting means pro 
vides a signal to a ?rst signal processing means and the 
second output detecting means provides a signal to a second 
signal processing means; the ?rst signal processing means 
provides a representation of the loW intensity magnetic ?eld 
sensed in the ?rst region and the second signal processing 
means provides a representation of the loW intensity magnetic 
?eld sensed in the second region. 

Example realizations of the invention provide a represen 
tation of a source of a ?rst magnetic ?eld occurring Within the 
sample volume displayed in one of three orthogonal Carte 
sian coordinates, or in tWo of three orthogonal Cartesian 
coordinates, or in three of three orthogonal Cartesian coordi 
nates, referenced to the sample volume. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For the purpose of illustrating the invention, there is shoWn 
in the draWing(s) a form that is presently preferred; it being 
understood, hoWever, that this invention is not limited to the 
precise arrangements and instrumentalities shoWn. 

FIG. 1 is a schematic diagram of several components 
employed in an embodiment of an atomic magnetometer of 
the invention; 

FIG. 2 is a schematic diagram of several components 
employed in an embodiment of a means for increasing the 
magnetic polarization of an alkali metal vapor; 

FIG. 3 is a schematic diagram of several components 
employed in an embodiment of a means for probing the 
magnetic polarization of an alkali metal vapor; 

FIG. 4 is a schematic diagram of several components 
employed in an embodiment of a measuring module; 

FIG. 5 is a schematic diagram of several components 
employed in one embodiment of an atomic magnetometer of 
the present invention; 

FIG. 6 illustrates a comparison of theory and experiment 
for the dependence of Width on the intensity of the pump 
beam of the atomic magnetometer of FIG. 5; 

FIG. 7 illustrates a comparison of magnetometer spectral 
responses for different modes of operation for the atomic 
magnetometer of FIG. 5; 

FIG. 8 illustrates angular sensitivity as a function of the 
single channel photodiode voltage for the atomic magnetom 
eter of FIG. 5; 

FIG. 9 illustrates the 2 fT/Hzl/2 sensitivity of the atomic 
magnetometer of FIG. 5 at high frequency; 

FIG. 10A is a schematic diagram of several components 
employed in another embodiment of an atomic magnetometer 
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6 
of the present invention, shoWing a boron nitride (BN) con 
tainer and a K cell inside a hot air oven; 

FIG. 10B is another schematic diagram vieW of atomic 
magnetometer of FIG. 10A, shoWing the pump and the probe 
beams, an RF (aluminum) and a static (mu metal) magnetic 
?eld shield, and balanced polarimeter With data acquisition 
setup (offset ?eld (B017) coils are not shoWn); 

FIG. 11 illustrates noise spectrum of the atomic magne 
tometer of FIGS. 10A & 10B near 423 kHz obtained With 
(thin solid line) and Without (dotted line) an applied RF ?eld 
for calibration (the heavy solid line shoWs detection noise 
With pump beam offithe inset shoWs the resonance half 
Width With varied pump beam poWer); 

FIG. 12A illustrates a timing diagram of the excitation 
6I119°X and refocusing 6I150°Y RF pulses and offset ?eld 
pulses for the atomic magnetometer of FIGS. 10A & 10B 
(grey boxes indicate the acquisition WindoW); 

FIG. 12B illustrates lock-in detected l4N NQR signal from 
poWdered ammonium nitrate in the acquisition WindoW for 
the atomic magnetometer of FIGS. 10A & 10B (dashed line is 
a single exponential ?t With a rise time of 0.49 msiinset 
shoWs a Fourier transform of the signal obtained in a different 
run, With total TlNilimited acquisition time of 4 minutes); 
and 

FIG. 12C illustrates the NQR signal amplitude as a func 
tion of the excitation pulse strength for the atomic magne 
tometer of FIGS. 10A & 10B. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

As used herein, the term “magnetic polarization”, and 
similar terms and phrases, relate to the spin polarization of an 
ensemble of atoms having a nonzero quantum number, such 
as a nonzero orbital angular momentum quantum number, or 
a nonzero electron spin quantum number, or a nonzero 
nuclear spin quantum number, or any combination thereof. 
An ensemble having nonzero spin responds to a magnetic 
?eld. Furthermore, the state of polarization is changed in 
response to changes in the magnetic ?eld imposed on the 
ensemble. 
The term “characteristics” and similar terms and phrases 

are used to relate a) to a source of a magnetic ?eld; b) to the 
properties of such a magnetic ?eld in a region of space in 
Which other sources of magnetization are also present; c) to 
the magnetic polarization of an ensemble of atoms sensitive 
to magnetic ?eld originating from the source even When other 
sources of magnetization are also present; d) to the altered 
properties of a probing modality Wherein the alteration 
re?ects the effects of the magnetization sensed by the 
ensemble of atoms and including the effects of the magnetic 
?eld originating from the source; e) to the properties of a 
signal generated by such an altered probing modality Wherein 
the signal includes the effects of the magnetization sensed by 
the ensemble of atoms and including the effects of the mag 
netic ?eld originating from the source; and f) to a represen 
tation of the magnetic signal originating from the source after 
the effects of all other sources of magnetization have been 
removed or minimized. Characteristics include properties 
relating to the magnetic ?eld originating from the source 
including, by Way of nonlimiting example, spatial, temporal, 
amplitudinal, vectorial and similar properties of a source 
magnetic ?eld. Thus the phrase “characteristics related to a 
magnetic ?eld” and similar phrases, as used herein, is 
intended to convey that characteristics of a source of a mag 
netic ?eld, the properties of a magnetic ?eld, the magnetic 
polarization of atoms, or characteristics of a probing modal 
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ity, or characteristics of a signal, or characteristics of a rep 
resentation, include information related to properties such as 
those exempli?ed above. 

The term “output” and similar terms or phrases relate to a 
probe modality that has traversed a sensing cell of the inven 
tion and Whose properties have been altered by traversing the 
alkali metal vapor contained in the cell. The output probe 
modality, for example an output beam of probe radiation, 
includes characteristics of the magnetic polarization of the 
alkali metal vapor. 

The term “representation”, and similar terms and phrases, 
relate to any verbal, numerical, tabular, graphical or multidi 
mensional display conveying information about, especially 
characteristics related to, a measured magnetic ?eld strength 
provided by the atomic magnetometer of the invention. Thus, 
a representation may be as elementary as a single number or 
a verbal equivalent of such a number. Alternatively, a repre 
sentation may be a set of numbers describing different aspects 
of the information related to the measured magnetic ?eld 
strength. Such a set of numbers may be displayed, by Way of 
nonlimiting example, as a vector, or as a matrix, or as a table. 
A representation may further include a graphical display pro 
viding a visual or pictorial image of the results of measure 
ments of the magnetic ?eld strength provided by the atomic 
magnetometer of the invention. In yet another example of a 
representation, additional dimensions portraying one, tWo, or 
three-dimensional spatial images, as Well as yet a different 
additional dimension representing time may be included in a 
representation. Any equivalent means of representing the 
results of the measurements of magnetic ?eld strength pro 
vided by the atomic magnetometer of the invention is under 
stood to be Within the scope of the term “representation”. 
The term “noble gas” and similar terms and expressions 

relate to any isotope of helium, neon, argon, krypton, xenon or 
radon. In addition, any mixture of noble gases is included by 
usage of “noble gas”. 

Lastly, as used herein, the term “optical polarization” and 
similar terms and phrases relate speci?cally to optical radia 
tion and are distinguished from “magnetic polarization” and 
similar terms. “Optical polarization” relates to the state of 
polarization of the Wave aspect of radiation as it propagates. 
Optical polarization may synonymously be characterized as 
linearly polarized or plane polarized, Wherein a Wave describ 
ing the radiation is thought to vibrate in a single plane. Optical 
polarization characterized as circularly polarized relates to 
vibration of a Wave of radiation that describes a helix as it 
propagates; the projection of the helix on to a plane perpen 
dicular to the direction of propagation describes a circle. The 
helix may have a left handed sense of rotation as it propagates 
or it may have a right handed sense of rotation. 

The present invention provides an atomic magnetometer of 
compact size and high sensitivity. The invention additionally 
provides methods of determining magnetic ?eld strengths, 
their time dependence, and their spatial distribution With con 
venience, versatility and great sensitivity. Because of these 
and other attributes described herein, the invention provides 
distinct advantages With respect to atomic magnetometers 
already available in the ?eld. 
One important attribute of the magnetometer is that the 

magnetic ?eld sensing substance, an alkali metal vapor, is 
used at relatively high number density. This has the bene?cial 
effect of increasing the concentration of sensing atoms 
present per unit volume. Additionally, a buffer gas, such as a 
noble gas, is used to sloW the rate at Which atoms hit a Wall. In 
addition, nitrogen gas at a moderate partial pressure is also 
included to quench the optical transitions. Certain combina 
tions of alkali metal-noble gas mixtures offer more advanta 
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8 
geous sloWing of collision spin relaxation than others. Addi 
tionally, the buffer gas sloWs diffusion of the alkali metal 
atoms, alloWing independent measurement of the magnetic 
?eld in several adjacent regions of the cell. In addition, the 
buffer gas broadens the optical resonance lines of the atoms, 
alloWing one to use loW-cost broadband lasers and eliminat 
ing the need for precise stabilization of the laser frequency. 
One advantage of the present magnetometer is that, as a 

consequence of its increased sensitivity, the overall dimen 
sions of a cell containing the alkali metal vapor mixture is 
considerably reduced. This has the advantage of conferring 
convenience, greater portability, and greater versatility in 
obtaining measurements on various subjects or objects. 
As illustrated in FIG. 1, the present invention provides a 

high sensitivity atomic magnetometer that includes several 
important components. A sensing cell 100 is an enclosure 
containing a mixture that becomes magnetically sensitive 
upon operation of the apparatus. The sensing cell contains a 
mixture of an alkali metal vapor that is sensitive to a loW 
intensity magnetic ?eld, a buffer gas, and may additionally 
contain a quenching gas component. The alkali metal vapor is 
provided from a reservoir of the metal introduced as a solid 
upon fabrication of the cell. The sensitivity of the magnetom 
eter is advantageously enhanced by operation at a high den 
sity of the alkali metal; this is achieved by heating the sensing 
cell to a temperature that provides a relatively high partial 
pressure of the alkali metal in the vapor. In various embodi 
ments, the number density of the alkali metal atoms in the 
vapor may about 1011 cm“3 or greater, or about 1012 cm“3 or 
greater, or about 1013 cm-3 or greater, or about 5><l0l3 cm-3 or 
greater, or about 1014 cm“3 or greater, or about 5><l0l4 cm“3 or 
even greater. In example realizations, the alkali metal density 
is suf?ciently high that the maximum deviation of the mag 
netic ?eld from zero times u/h, Where p. is the magnetic dipole 
moment, andh is Planck’ s constant, is much less than the spin 
exchange rate. 
The sensing cell 100 is maintained in a high frequency 

environment (i.e., an environment at or exceeding 0 kHz, or 
sometimes 100 kHz). Background magnetic ?elds are used to 
tune and maintain the magnetometer to the speci?c high 
frequency desired by applying bias ?elds using a magnetizer, 
or magnetizing means, 120 as shoWn in FIG. 1 and described 
more fully beloW. The magnetizer 120 also counters any 
residual environmental ?elds reaching the sensing cell 100. 
For example, a feedback system may be used to adjust the 
necessary magnetic ?eld, such as a feedback using a signal 
generated by an output detecting means. 

In order to provide such high vapor densities of the alkali 
metal the sensing cell is maintained at an elevated tempera 
ture effective to provide an alkali metal vapor. In various 
embodiments the alkali metal may be chosen from among 
sodium, potassium, rubidium and cesium; in a particularly 
signi?cant embodiment the alkali metal is potassium. 
The sensing cell employed in the atomic magnetometer 

also contains a buffer gas. Components of the buffer gas are 
chemically unreactive With the alkali metal atoms in the 
vapor. In certain embodiments, the buffer gas includes a noble 
gas, such as helium, neon, argon, xenon or krypton. In other 
embodiments, the buffer gas contains one or more isotopes of 
helium (i.e., 3He or 4He). The buffer gas is included at rela 
tively high pres sure. Relative high pressure of the buffer gas 
has the bene?cial effects of shortening the diffusion path of 
the alkali metal, thereby enhancing the spatial resolution of 
the magnetometer. Advantageously, the pres sure of the buffer 
gas may be about 1 atm or greater, or 2 atm or greater, or 3 atm 
or greater, or 5 atm or greater, or 8 atm or greater, or even 10 

atm or greater. In addition, the buffer gas may also include a 
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quenching component, such as nitrogen gas. When present, 
the nitrogen gas may be included at a partial pressure of about 
10 torr or greater, or about 30 torr or greater, or about 60 torr 
or greater, or about 100 torr or greater, or even about 200 torr 

or greater. Furthermore, the buffer gas may be constituted 
solely of nitrogen gas, in Which case its pressure may range as 
high as 10 atm. In general, the pressure of the buffer gas is 
suf?cient to sloW the diffusion of the alkali metal atoms to the 
Walls of the sensing cell, thus achieving long spin relaxation 
time. Any equivalent buffer gas is contemplated to be Within 
the scope of the invention. 

The sensing cell may be fabricated of any material com 
patible With the requirements of the apparatus; for example, 
the material must be inert With respect to the reactive alkali 
metal vapor, and must sustain the physical stress of high 
pressure of the buffer gas. As seen beloW, in many embodi 
ments of the magnetometer the sensing cell transmits optical 
radiation through it; thus the sensing cell must be transparent 
to the radiation used and have WindoWs that transmit beams of 
radiation Without loss or distortion. In addition the sensing 
cell must be maintained at elevated temperature to volatilize 
the alkali metal atoms. The sensitivity of the magnetometer is 
related to the number of magnetic ?eld sensing atoms 
employed. Thus, in addition to increasing the number density 
of alkali metal atoms by raising the temperature, their number 
may also be increased by employing a larger sensing cell. 
This advantage is offset by the desire of the present inventors 
to keep the overall dimensions of the magnetometer as com 
pact as possible. As employed in the present invention, the 
enclosed volume of the sensing cell may be about 300 cm3 or 
less, or about 200 cm3 or less, or about 100 cm3 or less, or 
about 75 cm3 or less, or about 40 cm3 or less, or about 25 cm3 
or less, or about 10 cm3 or less, about 5 cm3 or less. 

The magnetometer includes a polarizing transmitter, as a 
means for increasing the magnetic polarization of the alkali 
metal vapor contained in the sensing cell (FIG. 1, 200). This 
serves to increase the sensitivity of the alkali metal vapor to a 
loW intensity magnetic ?eld impinging upon the sensing cell 
100. In general, magnetic polarization in the alkali metal 
vapor may be increased by transmitting into the vapor any 
form of energy that includes a strong magnetic component. 
The present invention contemplates any means for transmit 
ting such magnetic energy into the sensing cell, including, by 
Way of nonlimiting example, electromagnetic radiation, 
focused or oriented magnetic ?elds, and any equivalent 
means that effectively increases the magnetic polarization of 
the alkali metal atoms. The heavy dashed line projecting from 
the means for increasing the magnetic polarization of the 
alkali metal vapor 200, to and in general through, the sensing 
cell 100 portrayed in FIG. 1 is intended to indicate that the 
polarizing transmitter 200, although separate from the sens 
ing cell 100, nevertheless projects the energy for increasing 
the magnetic polarization of the alkali metal vapor into the 
vapor. 
An important embodiment of the means for increasing the 

magnetic polarization of the alkali metal vapor 200 is exem 
pli?ed in FIG. 2, Which shoWs the polarizing transmitter 200 
in an expanded vieW. Encompas sed Within it is a ?rst radiation 
generating means 220 that generates a ?rst beam of radiation 
that is projected such that it illuminates the sensing cell and 
the alkali metal vapor contained Within it. The energy of the 
?rst beam of radiation is suf?cient effectively to increase the 
magnetic polarization of the alkali metal vapor. The ?rst 
radiation generating means can include a ?rst laser device. 
The attributes of the ?rst laser device are such that it generates 
a beam of radiation Whose radiation frequency and intensity 
are effective to increase the magnetic polarization of the alkali 
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metal vapor. In order to attain a signi?cant increase in the 
magnetic polarization of the alkali metal vapor, the ?rst laser 
device is typically a high poWer laser Whose radiation may be 
continuous or may be generated in pulses. The high poWer 
laser is frequently called an optical pumping laser, Whose 
effect is to spin-polarize the alkali metal ions. Magnetization 
is commonly described in terms of components oriented 
along the orthogonal three Cartesian directions. As described 
herein and illustrated in the ?gures, the direction of propaga 
tion of the ?rst beam of radiation impinging upon the sensing 
cell is designated the z direction. 
The performance of the present magnetometer is enhanced 

When the total rate of optical pumping and spin relaxation is 
greater than the bandWidth of signals to be detected. Addi 
tionally, the magnetometer is bene?cially operated When the 
total rate of optical pumping and spin relaxation is greater 
than the deviation of the magnetic ?eld from zero times u/h. 
When the pressure of the buffer gas is su?icient the high 
poWer laser for the optical pumping may be a broadband 
diode laser. 

In this embodiment, the polarizing transmitter 200 further 
includes a ?rst optical polarizing means 240 (FIG. 2) that 
polarizes the ?rst beam of radiation. In various embodiments, 
?rst optical polarizing means provides linearly polarized 
radiation, or circularly polarized radiation, Which may be left 
circularly polarized, right circularly polarized, or may alter 
nate betWeen left and right circular polarization. In addition, 
in certain other embodiments, the means for increasing the 
magnetic polarization of the alkali metal vapor 200 further 
optionally includes a ?rst modulator 260 (FIG. 2) that modu 
lates the ?rst beam of radiation by a ?rst modulation function. 
Such modulation, When employed, advantageously enhances 
the sensitivity of detection. Furthermore, different modula 
tion functions may be applied to different parts of the polar 
izing beam. In this method, different regions of the sensing 
cell experience different modulation conditions of the polar 
izing beam. These differences can be detected by the probe 
beam and be used to uniquely identify magnetic signals com 
ing from different regions of the cell. In certain embodiments, 
a component that operates both to polarize the ?rst beam of 
radiation and to modulate it may be incorporated into a single 
physical entity. In certain embodiments, the pump beam used 
to increase the magnetic polarization of the alkali metal vapor 
is tuned on resonance With the absorption of the vapor and is 
circularly polarized. 

In general, any equivalent item of apparatus operating to 
project energy onto the alkali metal atoms of the sensing cell 
to increase magnetic polarization is encompassed Within the 
scope of the polarizing transmitter 200. Such modalities are 
knoWn to Workers of skill in ?elds related to the present 
invention, including by Way of nonlimiting example, physi 
cists, optical engineers, electrical engineers, and the like. 
The magnetometer also includes a probing interro gator, as 

a means for probing the magnetic polarization of the alkali 
metal vapor 300 (FIG. 1). The probing interrogator 300 inter 
rogates the magnetic polarization of the vapor; the magnetic 
polarization in general includes a contribution resulting from 
the effect on the alkali metal atoms of a loW intensity mag 
netic ?eld intended to be measured by the atomic magnetom 
eter. In this Way the probing interrogator induces the provi 
sion of an output that includes characteristics related to the 
loW intensity magnetic ?eld that the magnetometer is 
intended to measure. The output is provided after the probing 
means has interrogated the vapor. 
An embodiment of the probing interrogator 300 is further 

exempli?ed in FIG. 3. This embodiment includes a second 
radiation generating means 320 that generates a second beam 
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of radiation traversing the alkali metal vapor. The second 
radiation generating means can include a second laser. The 
frequency and intensity of the second beam of radiation is 
effective to interrogate the magnetic polarization of the alkali 
metal vapor Without affecting the magnetic polarization sig 
ni?cantly. In particular, its frequency differs from that of the 
?rst beam of radiation, being detuned from the resonance 
frequency of the vapor, suf?ciently that no absorption occurs. 
In embodiments of the magnetometer employing Cartesian 
coordinates for description, the second beam of radiation 
impinges on and traverses the sensing cell in the x direction; 
additional second beams, polarized and modulated as 
described beloW, may impinge in other directions of the Car 
tesian coordinate domain. 

In certain embodiments, the probing means 300 further 
includes a second optical polarizing means 340. The second 
optical polarizing means 340 provides linearly polarized 
radiation, or circularly polarized radiation, Which may be left 
circularly polarized, right circularly polarized, or may alter 
nate betWeen the tWo states. In addition, in certain other 
embodiments, the means for probing the magnetic polariza 
tion of the alkali metal vapor 300 further includes a second 
modulator 360 (FIG. 3) that modulates the second beam of 
radiation by a second modulation function. The second 
modulator advantageously serves to enhance the sensitivity 
of detection. When the pressure of the buffer gas in the sens 
ing cell is suf?cient, the laser used for probing the magneti 
zation of the alkali metal atoms may be a broadband diode 
laser. The probe beam can be tuned off resonance from the 
absorption of the alkali vapor, and can be linearly polarized. 

The output of the probing interrogator 300 is found after 
interrogation has traversed the sensing cell. In the embodi 
ments described in the preceding paragraphs the output is 
constituted by at least the second beam of radiation after it 
exits the sensing cell. Its characteristic properties have been 
altered as a consequence of traversing the alkali metal vapor 
in a Way that can be detected by appropriate means. 

In general, an atomic magnetometer of the present inven 
tion includes a means for probing the magnetic polarization 
of the alkali metal vapor 300, or in signi?cant embodiments it 
may include a plurality of means for probing the magnetic 
polarization of the alkali metal vapor, each of Which is gen 
erally described as set forth above for a probing interrogator 
300. In the latter embodiments each means for probing the 
magnetic polarization of the alkali metal vapor 300 may 
project its probing energy on to the same sensing cell, or each 
separately may project its probing energy on to a separate 
sensing cell. LikeWise, in embodiments having a plurality of 
means for probing the magnetic polarization of the alkali 
metal vapor 300, each such means directs its probing energy 
on to a separate measuring module 400 (see beloW). 

In general, any equivalent item of apparatus operating to 
project energy onto the alkali metal atoms of the sensing cell 
to interrogate magnetic polarization are encompassed Within 
the scope of the probing transmitter 300. Such assemblies of 
apparatus are knoWn to Workers of skill in ?elds related to the 
present invention, including by Way of nonlimiting example, 
physicists, optical engineers, electrical engineers, and the 
like. 

The magnetometer also includes a magnetizer, as a mag 
netizing means 120 (FIG. 1) for imposing a probing magnetic 
?eld on a volume of space that includes the sensing cell. The 
probing magnetic ?eld affects the magnetic polarization of 
the alkali metal vapor contained in the sensing cell and con 
fers attributes thereon that contribute to the interrogation of 
the probing means. In many embodiments, the magnetizer 
include induction coils through Which an electrical current 
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?oWs, thereby generating the probing magnetic ?eld. In gen 
eral, the magnetizer 120 includes components oriented such 
that the probing magnetic ?eld is provided in one, tWo, or all 
three of the orthogonal directions, x, y, and/or z. In this Way, 
all three components of the loW intensity magnetic ?eld vec 
tor being measured may be determined. Furthermore, in 
accomplishing this objective, the magnetizer 120 may be 
driven by a third modulation function. As already indicated, 
as a result of the probing magnetic ?eld present in the sensing 
cell, at least one property of the second beam of radiation is 
modulated as it traverses the alkali metal vapor experiencing 
the probing magnetic ?eld. In addition, the magnetizer 120 
provides bias magnetic ?elds to the sensing cell that: 1) nul 
lify residual background magnetic ?elds from the environ 
ment; and 2) tune and maintain magnetometer operation at 
high frequency. 
The sensitivity of the atomic magnetometer described 

herein is extremely high. For this reason, all components of 
the magnetometer sensitive to magnetic ?elds must be effec 
tively isolated from extraneous magnetic ?elds. Accordingly, 
a region of space that includes the sensing cell 100, the 
magnetizing means 120, and a region in Which it may be 
intended to measure the magnetic ?eld is enclosed in mag 
netic shielding 180 (FIG. 1). The magnetic shielding 180 may 
be constructed of any of the Widely knoWn magnetic shielding 
substances, including by Way of nonlimiting example, mag 
netic shielding tape, Mollypermalloy, and p. metal. In addition 
magnetic shielding can include superconducting shields, 
Which eliminate a Johnson noise component. The shielding is 
fabricated to alloW the means for increasing the magnetic 
polarization of the alkali metal vapor and the means for prob 
ing the magnetic polarization of the alkali metal vapor to 
access the sensing cell and impinge upon it. Effective shield 
ing and neutralization of background ?elds by the magnetiz 
ing means contribute to the enhanced sensitivity of the mag 
netometer of the present invention. 
Any equivalent means of effectively shielding the region of 

space from extraneous magnetic ?elds is encompassed Within 
the scope of the invention. Such equivalents are knoWn in 
?elds related to the present invention, including by Way of 
nonlimiting example, physicists, optical engineers, electrical 
engineers, and the like. 
The atomic magnetometer additionally includes a measur 

ing module 400 (FIG. 4). The measuring module is a means 
for receiving the output after it is provided from the sensing 
cell 100, for determining the characteristics of the loW inten 
sity magnetic ?eld that are comprised in the output, and 
providing a representation characterizing the loW intensity 
magnetic ?eld detected by the sensing cell. In important 
embodiments the measuring module includes an output 
detecting means 440 (see FIG. 4) that provides a signal 
including characteristics related to the loW intensity magnetic 
?eld, and signal processing means 460 for receiving the sig 
nal from the output detecting means 440 and providing the 
representation. Thus, in general, the output detecting means 
communicates With the signal processing means, such as is 
shoWn schematically by the heavy curved arroW in FIG. 4. 

In those embodiments of the invention in Which the prob 
ing interrogator 300 includes a second radiation generating 
means 320 that generates a second beam of radiation travers 
ing the alkali metal vapor, the output detecting means 440 
includes a means for detecting radiation, such as the output of 
the second beam of radiation after the beam traverses the 
alkali metal vapor. Nonlimiting examples of radiation detect 
ing means include a photometer, a photomultiplier, a photo 
diode or a photodiode array, a charge-coupled detector, a 
multichannel analyzer or array, and the like. In embodiments 



US 7,521,928 B2 
13 

Where a multiplexed detector such as a photodiode array or a 
multichannel analyzer or array is used, each detector in the 
array detects an output originating from a different region in 
the sensing cell. For optimal performance of a magnetometer 
employing multiplexed detectors in this Way the pressure of 
the buffer gas is su?icient to limit diffusion of the alkali metal 
atoms betWeen regions that provide outputs to different ele 
ments in the detector array. 
Any equivalent means for detecting an output of the inven 

tion, including but not limited to equivalents for detecting 
radiation, are included Within the scope of the measuring 
module. Such equivalent detecting means are Well knoWn to 
Workers of skill in ?elds related to the present invention, 
including by Way of nonlimiting example, physicists, optical 
engineers, electrical engineers, and the like. 
As noted above, many embodiments of the invention 

include means for probing the magnetic polarization of the 
alkali metal vapor 300 that also includes a second optical 
polarizing means 340. These may variously provide linearly 
polarized radiation, or circularly polarized radiation, Which 
may be left circularly polarized, right circularly polarized, or 
may alternate betWeen the tWo states. In such embodiments, 
the measuring module 400 also includes a third optical polar 
izing means 420 (FIG. 4) interposed betWeen the sensing cell 
and the radiation detecting means 440. In important 
examples, the third optical polarizing means may include a 
linear polarization analyzer or a circular polarization ana 
lyzer. Such analyzers are axially oriented to be at or near an 
extinction angle When there is no loW intensity magnetic ?eld 
that is to be measured impinging upon the sensing cell. In this 
Way, the output detecting means is primed to detect a small 
amount of radiation different from zero, that includes char 
acteristics of the loW intensity magnetic ?eld, to Which it 
should be especially sensitive. 
The radiation detecting means converts the output imping 

ing upon it to a signal that includes components Whose char 
acteristics are related to the properties of the loW intensity 
magnetic ?eld. Such properties include, by Way of nonlimit 
ing example, spatial, temporal, amplitudinal, vectorial and 
similar properties it may be endoWed With. The magnitude 
and time dependence are readily apparent in the characteris 
tics of the signal in real time. In certain embodiments, the 
vector components become apparent upon varying the impo 
sition of a probing magnetic ?eld by the magnetizer 120 
among the x, y, and z directions upon the sensing cell, and 
comparing the results obtained in the various cases. 

The signal provided by the output detecting means, or at 
least a portion thereof, is input to the signal processing means 
460. The signal processing means resolves characteristics 
related to the loW intensity magnetic ?eld from the signal and 
provides a representation attributes of the signal that are 
related to the loW intensity magnetic ?eld detected by the 
sensing cell. In certain embodiments, the signal processing 
means includes computing means that is programmed to 
resolve the characteristics related to the loW intensity mag 
netic ?eld from the input signal. The signal in general may 
include contributions sensed by the magnetic polarization of 
the alkali metal vapor from sources other than the loW inten 
sity magnetic ?eld being determined, such as magnetic noise 
or optical noise. The computing means provides a represen 
tation of the characteristics of the loW intensity magnetic ?eld 
detected by the sensing cell. The computing means can also 
operate to minimize or eliminate components in the signal 
originating from noise. 
As described above, in certain embodiments, a ?rst modu 

lator 260 that modulates the ?rst beam of radiation by a ?rst 
modulation function and/or a second modulator 360 that 
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modulates the second beam of radiation by a second modu 
lation function, may be employed. In such cases, the at least 
one signal comprises a component modulated by the ?rst 
modulation function or by the second modulation function, or 
both. In those cases, the modulation function or functions 
provide reference information for the computing means, and 
the computing means detects only components in the signal 
that are modulated by the ?rst modulation function or the 
second modulation function, or both. 
When the output detecting means includes several radia 

tion detecting means, such as occurs for example in a photo 
diode array, a multichannel analyzer, a charge coupled detec 
tor, and so forth, each element in the array provides a signal to 
the signal processing means. The signal processing means, 
for example, the computing means contained therein, pro 
vides a representation of the loW intensity magnetic ?eld 
sensed by each element in the array. Frequently, a ?rst array 
element detects radiation traversing one region of the alkali 
metal vapor and a second array element detects radiation 
traversing a different region of the vapor. It is frequently 
advantageous to compare and process the signals originating 
in each region of the alkali metal vapor by operating as a 
gradiometer, and to compensate or nullify common compo 
nents in them that are ascribed to optical or magnetic back 
ground, noise, or comparable extraneous sources. In this Way 
a further enhancement of sensitivity of detection may be 
achieved. 
The novel features and attributes of the atomic magnetom 

eter described in the foregoing are effective to provide an 
apparatus With a high sensitivity for characterizing the loW 
intensity magnetic ?eld to be assessed. Broadly, the sensitiv 
ity is such that the magnetometer detects a magnetic ?eld that 
is smaller than a predetermined value. In various embodi 
ments, the predetermined value may be less than about 1 
femtotesla (Hz)_1/2, or less than about 0.5 femtotesla 
(Hz)_l/2, or less than about 0.2 femtotesla (Hz)_1/2, or less 
than about 0.1 femtotesla (Hz)_1/2, or even less. Recent 
embodiments shoW sensitivity of the magnetometer of the 
present invention should be as loW as about 0.02 femtotesla 
(Hz)‘”2 or 0.01 femtotesla (Hz)_1/2. It is believed that limits 
of detection provide a level of sensitivity that is better than 
that of any magnetometer currently disclosed in the ?eld. 

Additional advantages of the instant magnetometer include 
the absence of a requirement for operation at cryogenic tem 
perature, use of relatively inexpensive components, and rela 
tively compact overall dimensions. The increased sensitivity 
furthermore permits the sensing cell to be kept to a size that is 
smaller than knoWn in the ?eld. 
The atomic magnetometer described above may be used to 

detect and characterize loW level magnetic ?elds from any 
source, provided the ?eld produced by the source is apparent 
in the region of space occupied by the sensing cell. Sources of 
interest include geological specimens, forensic specimens, 
chemical specimens, industrial components, biological 
samples, components contained in explosives, and the like. 
An important requirement, as just noted, is that the ?eld 
impinge on the sensing cell. Optimally this is achieved by 
placing a source or sample characterized by a loW intensity 
magnetic ?eld in the immediate vicinity of the sensing cell. 

High Sensitivity by Tuning the Zeeman Resonance of Alkali 
Atoms to the RF Frequency and Partially Suppressing Spin 
Exchange Collisions in the Alkali-Metal Vapor 
Most existing atomic magnetometers are designed for 

detection of quasi-static magnetic ?elds and at high fre 
quency their sensitivity drops as 1/f. By tuning the Zeeman 
resonance of the atoms to the RF frequency it is possible to 
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obtain the same sensitivity to RF ?elds as to the DC ?elds. For 
alkali-metal atoms the Zeeman transition frequency is given 
by (1)O:gS|J.BB/(2I+ 1) h and resonance frequencies from kHz to 
GHz can be obtained in a practical magnetic ?eld. In the 
simplest arrangement, the atoms are polarized along a static 
magnetic ?eld B2 and the transverse polarization created by 
the RF ?eld is detected using a laser. The transverse polariza 
tion created by an oscillating magnetic ?eld B19 cos out is 
given by 

PfyBlrgPgz. (1). 

Hence, the sensitivity is proportional to the transverse spin 
relaxation time T2. For alkali-metal atoms at high density, the 
transverse spin relaxation is dominated by spin-exchange 
collisions. While spin-exchange broadening can be com 
pletely eliminated at very loW magnetic ?elds (Allred, J. C. et 
al., Phys. Rev. Le”. 89, 130801 (2002)), at higher ?eld it can 
be partially suppressed by pumping nearly all atoms into a 
stretched state (Appelt, S. et al., Phys. Rev. A 59, 2078 
(1999)). Our magnetometer operates in this regime. 
The relative populations of the ground-state hyper?ne sub 

levels are governed by the spin-temperature distribution 
(Anderson, L. W. et al., Phys. Rev, 116, 87 (1959)) With the 
spin-temperature parameter [3 directly related to the polariza 
tion PItan h([3/ 2), Which is a function of the pumping rate R, 
the spin-destruction rate Rsd, and the degree of circular polar 
ization sZ, P:szR/(R+Rsd) (Appelt, S. et al., Phys. Rev. A 58, 
1412 (1998). For monochromatic light and Lorentzian 
absorption pro?le, the pumping rate and light shift QL can be 
found from the photon ?ux Nph/A Where A is the beam’s 
area, 

Here, re is the classical electron radius, f is the oscillator 
strength of the optical transition, v is the laser frequency, Ua is 
the frequency of the optical transition, and A1) is the lineWidth 
of the transition. In general the relaxation of transverse oscil 
lations of spins is multi-exponential and the spectrum is a 
superposition of several Lorentzian curves; hoWever, When 
pumping rate is suf?ciently high, most atoms Will occupy 
only one state With the maximum F and mp1. then it can be 
shoWn that the resonance is a single Lorentzian, and Eq. (9) in 
(Appelt, S. et al., Phys. Rev. A 59, 2078 (1999) can be used to 
evaluate the resonance Width. Assuming that in the active 
volume the degree of circular polarization sZ:1, this equation 
can be simpli?ed Without much loss of precision by expan 
sion to ?rst order in Rsd to give 

(3) 

Where Rex is the spin-exchange rate, I7:1/T2, and T2 is effec 
tive transverse relaxation time of the magnetic resonance. 
Although any birefringence of optics and the cell reduces the 
value of sZ When the light propagates through an optically 
thick polarized vapor, sZ increase back to 1 due to polarization 
puri?cation Which arises from exponential absorption of the 
“Wrong” component of the light polarization. As a function of 
pumping rate, the Width has the minimum 
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16 
Because Eq. (3) is derived in the limit R>>Rsd, it can not 

give the Width at loW pumping rate; hoWever, the equation 
derived in (Happer, W. and Thin, A. C., Phys. Rev, A 16, 1877 
(1977)) for the Width of the dominant Zeeman resonance in 
the limit of sloW spin-exchange rate, can be used to obtain 
maximum Width, 

rmafo. 1 ZSREX. (5) 

Then, the light-narroWing is 

(6) 

This quantity provides good test of the optimization of the 
Width, In the limit of high density, KiK collisions Will 
dominate spin-destruction rate and the narroWing Will be 
maximal and independent of the vapor density 

kmafo. 177 02/0524. (7) 

EXAMPLES 

Example 1 

An atomic magnetometer embodiment is shoWn in FIG. 5. 
This embodiment demonstrates magnetic ?eld sensitivity of 2 
fT/Hzl/2 at a frequency of 99 kHz With a resonance Width of 
200 Hz. Also considered in this embodiment are the theoreti 
cal limits on the sensitivity of the RF magnetometer, showing 
that sensitivity of about 0.02 fT/Hzl/2 for a 100 cm3 measure 
ment volume should be possible With quantum non-demoli 
tion measurements. 

The principle of operation is similar to that of the ultra 
sensitive magnetometer described in (Allred, J . C. et al ., Phys. 
Rev. Le”. 89, 130801 (2002)). The spin polarization is 
achieved via optical pumping With circularly polarized light, 
produced by a diode laser With a grating feedback for tuning 
the laser to the potassium D1 transition. The detection system 
is based on the measurement With the polarization beam 
splitter of the polarization rotation of the probe beam, gener 
ated by a 500 mW single-frequency commercial laser. A 1" 
square aluminosilicate glass cell containing 2.5 atm of 4He, 
60 torr of N2 and potassium in natural abundance is placed 
inside a double-Wall glass oven in Which hot air ?oWs 
betWeen the Walls Without crossing the probe and pump 
beams Which pass through evacuated glass tubes. The oven is 
Well insulated to reduce heat losses and heating of the inner 
magnetic shield. The magnetic shields consists of 6 concen 
tric holloW u-metal cylinders With caps providing a 106 reduc 
tion of external ?elds. Magnetic ?elds inside the shields are 
created by a set of coils driven by a precision current source. 

FIG. 6 illustrates experimental studies of the dependence 
of the Width and of the magnetometer signal on the pumping 
rate. Eq. (3) ?ts accurately experimental points and gives both 
the calibration of the pumping rate and the value of the prod 
uct Rex+RSd. The deviation of the ?t from experiment at loW 
pumping rate is due to approximation used to derive Eq. (3) 
and due to nonlinear dependence of the pumping rate on the 
laser intensity. For this measurement, the theory is applicable 
When R»30 s_l. Also, When this inequality is satis?ed, the 
drop in the pumping rate due to propagation in the vapor is 
RSdGZ, Where z is the propagation depth and 0t is the absorp 
tion coef?cient Which depends on the density of the vapor. 
The density is an important experimental parameter, Which 
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can be found from the experimental maximum Width by using 
Eq. (5) and the known spin-exchange cross-section 1 .8><10_l4 
cm2. The density of potassium Was 5 .7><10l3 cm3 , Which gives 
RSdGZ about 350 s_l. In FIG. 6 this value corresponds to the 
pumping rate Where the ?t starts to deviate from the experi 
ment. Using the maximum Width and the value of RexRSd 
obtained from the ?t, the spin-destruction rate is 32 s_l, in 
some agreement With calculations, 20 s_l, Which include the 
effects of KiK, KiHe, and Wall collisions. Also estimated 
is the pumping rate from measurements of pump poWer and 
the area of the beam to ?nd that the calculated pumping rate 
is about tWo -times larger than obtained from the ?t, Which can 
be due to some absorption in the vapor and some uncertainty 
in actual geometry of the beam. 

FIG. 7 compares magnetic resonance in three distinct 
regimes. A very broad spectrum With HWHM 1500 HZ results 
from spin-exchange collision When the precession frequency 
is faster than the spin-exchange collision rate and polariZation 
is loW. In this regime, the Width can be found from Eq. (5). 
Dramatic narroWing by 10 times is achieved due to the light 
narroWing effect. Eq. (4). The narroWing is less than maxi 
mum possible 24 because of substantial contribution from 
buffer-gas arid Wall collisions. Finally, an extremely narroW 
spectrum With the Width about 1 HZ is obtained at a loW 
frequency, When spin exchange is completely turned off and 
the broadening is only due to spin-destruction. 
More speci?cally, FIG. 7 compares magnetometer spectral 

responses for different modes of operation: 1) maximum 
spin-exchange broadening occurs at loW pump poWer and 
high frequency; 2) 10 times narroWing for the operation at the 
same frequency but at optimal pumping rate due to light 
narroWing effect; and 3) the Width is a close to spin-destruc 
tion frequency at high density and loW frequency operation, 
SE broadening is completely turned off. 

Using a lock-in ampli?er or a narroW ?lter, magnetic and 
mechanical noise can be effectively removed and the sensi 
tivity can in principle approach the fundamental spin-proj ec 
tion noise arising from the uncertainty principle (613x) 
(61%); h/2lFxl for non-commuting operators of total angular 
momenta [Fx,Fy]:ihFx. For N atoms the uncertainty is 
reduced by N, since ?uctuations are independent. Continu 
ous measurements also reduce uncertainty; hoWever, these 
measurements are correlated. To calculate the noise a simple 
stochastic process can be assumed in Which angular momen 
tum information is completely destroyed after one correlation 
time. Then the uncertainty Will be reduced by the square root 
of the number of independent measurements Which is t/tcorr. 
For more appropriate exponential correlation function With 
t/tcorr T2, Which better describes the behavior of the magne 
tometer, there is an additional factor of \/2, so (613x); 
, ?lFxlt/Tz. Using Eq. (1) in Which P can be replaced With F 

due to hyper?ne interaction alignment, by setting FXI<6FX> 
and by solving for B], one can obtain the fundamental spin 
projection limit 

Where t is the measurement time, n is the atomic density, V is 
the volume of the cell. 
Quantum ?uctuations in the relative populations of the tWo 

polariZation states in the nominally linearly-polarized probe 
beam can result in another source of noise. The ?uctuating 
ellipticity BsXI, l/NPV of the probe light, Where NP, is the rate 

(3) 
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18 
of photons traversing the cell, causes the atoms to experience 
a ?uctuating light shift due to virtual absorption of the pho 
tons. 

(9) 
(SBLS = 

27 N p, 

The factor of 1/2 appears because the counter-rotating com 
ponent of this noise does not contribute. 

Shot noise of the probe beam photons is an important 
source of noise if the vapor optical activity is small, as in the 
case of our high-frequency magnetometer, since it determines 
the minimal angle that can be detected. The probe beam’ s axis 
of polariZation is rotated by an angle 

Where 1 is the length of the cell along the probe direction and 
D(v):(v—va)/[(v—va)2+(Av/2)2]. The angular sensitivity can 
be easily measured. For our detection system based on the 
subtraction of intensities from the polariZation beam splitter, 
small rotation angle Q is related to the intensities in tWo 
channels 11 and I2 

12 —11 
411 

11 
$2 ( > 

so the noise level in 12-11 is related directly to the noise in Q. 
The photo-electron shot noise rms value per HZl/Z 

Where 1] is the photo-diode quantum e?iciency. Combining 
Eqs. (10,12) the shot-noise magnetic ?eld sensitivity is 

(12) 

6B : 4 (13) 

FIG. 8 illustrates the angular sensitivity of the detection 
system and compares it With the photon shot noise. Measured 
noise is someWhat larger due to frequency ?uctuations Which 
cause ?uctuations of intensities from interference on optical 
surfaces. HoWever, most of it is subtracted by detection 
scheme. For su?iciently large detuning v—va>>Av overall 
fundamental noise can be Written 

64% (14) 1 4h RWOD 
68 

Where RP,:recfNP,,A\//2A(v—\/0L)2 is the probe beam spin-de 
struction rate, T2:1/( Rex(RS d+RP,)/ 2) is the transverse relax 
ation time maximiZed as a function of the pumping rate, and 
OD:2recfnl/Av is the optical depth at resonance. Eq. (14) has 
minimum at OD:16 h/RWFXT2 J?. 










